The distinct morphological developmental cycles of members of the genus Nocardia (reviewed by McClung and Adams, 1962) is one reason why they are considered transitional between the fungi and the true bacteria (Lieske, 1921; Davis and Freer, 1960) . Such hypothesis provides good reason for studies of the group intent upon answering questions concerning the biology of bacteria. Generally, however, the group has been neglected, except for taxonomic considerations (Waksman, 1959 (Waksman, , 1961 , recent cytological studies (Adams and McClung, 1962a, b; Adams, 1963) , and investigations of individual pathogenic members. Relatively few studies of the general physiology of members of this transitional group (earlier work reviewed by Waksman, 1959 Waksman, , 1961 McClung, Salser, and Santoro, 1960; Maurer and Batt, 1962) have been undertaken; physiological studies have been confined usually to the more economically important actinomycetes, the streptomycetes. Still fewer specific investigations of recombinational mechanisms in the nocardiae have been reported (Adams and Bradley, 1963) . The preliminary report from our laboratories concerning nocardial recombination pointed out the apparent transitional nature of these organisms, since compatibility and recombinational mechanisms apparently differed from those in the higher bacteria, exemplified by the streptomycetes, and the Eubacteriales, exemplified by Escherichia coli (Adams and Bradley, 1963) . The present report is concerned with a more detailed treatment of recombination observed between two members of the genus Nocardia.
MATERIALS AND METHODS
Mutant isolation and identification. The prototrophic strains of N. erythropolis and N. canicruria used in these studies were described previously (Adams and McClung, 1962b) . Indirect selection of induced auxotrophic mutants was accomplished by means of velveteen replication (Lederberg and Lederberg, 1952) . Survivors of ultraviolet irradiation dosages killing greater than 99.9% of an initial population of ca. 5 X 107 cells per ml were plated on a complete medium (nutrient agar, Difco), or a minimal medium (MM) supplemented with amino acids, purines, and pyrimidines, and were replicated to complete medium and to MM similar to that of Witkin (1947) of the following composition (per liter): NH4Cl, 1 g; NaCl, 0.5 g; MgSO4 7H20, 0.2 g; KH2PO4, 3.0 g; Na2HP04, 6.0 g; and glucose, 20 g. The medium was solidified when necessary by the addition of 1.5% agar. After 3 days of incubation at 30 C, replicated colonies capable of growth on nutrient agar but not on MM were presumptively considered to be auxotrophic mutants. The colonies from nutrient agar replica plates were purified by at least three successive single-colony streak isolations on nutrient agar, and were retested for absence of growth on MM after purification. Confirmed auxotrophic mutants were placed routinely in stock culture on nutrient agar slants in screwcap tubes and stored at 4 C.
Deficiencies were determined by testing for the presence or absence of growth of strains on MM supplemented with one or more amino acids, purines, or pyrimidines at a final individual supplement concentration of 10 ug/ml. Repetitions of these procedures with the use of characterized auxotrophic mutants, and replication of survivors of irradiation to a complete and to appropriately supplemented MM, allowed the isolation and identification of polyauxotrophic strains.
Spontaneously occurring streptomycin-resistant mutants were obtained by heavily inoculating strains on nutrient agar plates or appropriately supplemented MM to which was added a sterile filter-paper disc about 1 cm in diameter saturated with a 100 lg/ml solution of streptomycin sulfate (Chas. Pfizer & Co., Inc., New York, N.Y.) . Resistant colonies were picked from the area of inhibition surrounding the disc, successively streak-purified a minimum of three times on streptomycin-free nutrient agar, and retested on appropriately supplemented MM containing 400 ,g/ml of streptomycin. Streptomycin-resistant mutants were maintained on streptomycin-free nutrient agar slants. Mutants resistant to endomycin (The Upjohn Co., Kalamazoo, Mich.) were isolated, purified, and placed in stock cultures as above by selecting for spontaneously occurring mutants on nutrient agar containing discs saturated in 10 to 50 pg/ml of endomycin solutions.
Mutant designation. Confirrmed mutant strains of N. erythropolis have been given a code number composed of two parts: the number 2, the designation for the prototrophic strain, to which a suffix consisting of a hyphen and numeral indicating relative temporal isolation of a mutant strain is appended. Thus, strain 2-1 is the first confirmed mutant of N. erythropolis receiving a coded designation and 2-n is the nth. Mutant strains of N. canicruria have been coded with the number 3. Recombinants selected for further study have been given a code letter, R, followed by a number indicating relative sequential isolation.
Phenotypic characters have been designated in numerical sequence relative to temporal identification of strains exhibiting a specific phenotype without regard to the prototrophic strain from which it was derived. Thus, a mutant labeled his-1 is the first isolate identified requiring histidine and his-n the nth isolate. Unhyphenated alphabetical suffixes to the phenotype designation are being reserved for the future designation of genetically defined loci. All phenotype designations indicated in the preliminary report (Adams and Bradley, 1963) have been retained upon the basis of priority.
Mating methods. In a method called "replication mating," suspensions of mutants containing 107 to 5 X 107 cells per ml were prepared in 0.85% sterile saline solution from cells scraped from the surface of nutrient agar slants. Plates of Trypticase Soy extract agar (BBL) supplemented with 1% glucose (TSG agar), and sometimes nutrient agar, were inoculated with 0.1-ml samples of suspensions of individual mutants to serve as reversion controls. Mating was carried out by inoculating plates of TSG agar with 0.1 ml of suspension of a 1:1 mixture of each parent. After incubation periods of 1 to several days at 30 C, growth from the plates was replicated by means of velveteen pads to MM. The MM plates were incubated for a period of 5 to 7 days at 30 C, and were inspected for colonies indicating that either reversions in the controls or, in the case of mixed cultures, interactions between mutants occurred, producing prototrophic colonies.
In a method referred to as "slant mating," TSG agar slants were inoculated by use of a loop with individual mutants to act as reversion controls, and a third slant was inoculated with both mutant types for mating. of recombinations in crosses of 2-13 X 3-3 in the replication mating technique were determined by preparing 2-to 100-fold dilutions of the parental type suspensions and by using samples of the dilutions to inoculate TSG plates. The effect of incubation time in mixed culture before selection of recombinants on MM was tested by slant and replication mating of 2-13 X 3-3 and by allowing 1 to 3 days of growth before recombinant selection was attempted.
Effects of acriflavine on recombination. In the first series of experiments, N. erythropolis 2-13 and N. canicruria 3-7 were individually grown in nutrient broth containing 0.001 %7, acriflavine for 24 hr at 30 C. The strains were recovered by three serial streak purifications on acriflavinefree nutrient agar. Slant crosses in combination of acriflavine-treated by untreated strains were carried out. In the second series, strains 2-13 and 3-7 were grown in nutrient broth or nutrient broth containing 0.001% acriflavine for 24 hr at 30 C. These broth cultures, without further purification, were used as inocula in slant matings of the four possible combinations of treated by untreated strains.
Segregation of unselected markers and backcrosses. Slant matings were carried out with several different strains, and appropriate markers were utilized as unselected markers. In a cross of two polyauxotrophic strains, recombinant selection was made on MM supplemented with individual growth factors so that only nonparental types could grow. In other experiments, crosses of auxotrophic streptomycin-or endomycin-resistant by auxotrophic streptomycin-or endomycin-sensitive strains were made. Recombinants were selected on MIM, and the recombinants were replicated to AMM and MM plus inhibitor. By comparing the set of plates, resistant and sensitive segregants were enumerated. By supplementing MM with inhibitor, the resistance markers could also be used as selective characters. In selecting two-factor recombinants from four-factor crosses, it was possible to obtain strains with one auxotrophic character from each of the parental types. Backcrosses of purified diauxotrophic recombinants with their parents were made, selecting for recombinants on MM supplemented with the common requirements of both the original parental type and the recombinant type. To str-r 3.3 X 10-6 1.6 X 10-4 2.1 X 10-6 3.1 X 10-7 3.8 X 10-8 1.6 X 10-4 <3.7 X 10-8 3.8 X 10-8 NDt 3.8 X 10-8 ND 2.1 X 10-6 1.4 X 10-6 3.1 X 10-7 ND 3.8 X 10-8 8.0 X 10-7 3.1 X 10-6
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his-1 met-1 X ade-2 str-r2 (Table 7) . Few recombinants were recovered after 1-day incubation periods (Tables 4 to 7) , regardless of medium composition, population ratio, or relative efficiency of cross (Table 4) . A greater proportion of recombinants were recovered after 2 days of incubation, and the greatest recovery was achieved after 3-day incubation periods, the longest tested. This was true whether slant or replica mating techniques (Table 7) trol experiments in which neither parental type is treated.
Crosses in which endomycin-or streptomycinresistance characters were used as either selected or unselected markers were performed (Table 10) . When streptomycin resistance, str-r2, was coupled to the N. canicruria parental type, the percentage of streptomycin-resistant recombinant progeny was high (92 to 98%), regardless of whether the character was selected or unselected.
When a streptomycin-resistance marker, str-rl, was coupled to the N. erythropolis parental type (ther "reciprocal" cross), none of the recovered progeny-teste& was streptomycin-resistant. For examnPici-ina`total of 1,035 recombinant prototrophrt?fted from a cross in which streptomycin was used as an unselected marker, no streptomycin-resistant recombinants were scored. When the cross of N. erythropolis str-rl by sensitive N. canicruria was carried out, with streptomycin resistance used as a selecting marker, no colonies developed on streptomycin containing MM. The results show that segregation of the streptomycin character deviates from that expected in "reciprocal" crosses dependent upon the coupling of the marker to the N. erythropolis or N. canicruria parent. Although a large number of prototrophic recombinants from crosses of str-r N. erythropolis by str-r N. canicruria have not been analyzed for segregation of streptomycin sensitivity (str-s recombinants) in crosses in which streptomycin markers were used as unselected characters, all those analyzed thus far have been found to be streptomycin-resistant. In crosses in which endomycin resistance was coupled to the N. canicruria strain (Table 10 ) and used as an unselected marker, recombinant prototrophs were found in which the endomycin-sensitivity character of the N. erythropolis parental type segregated at a frequency of 0.8%.
A cross of N. erythropolis his-i arg-1 and N. canicruria ade-2 ala-1 was carried out with the use of minimal medium supplemented with histidine and adenine as the selecting medium for the recovery of recombinants with adenine or histidine requirements, or both (Table 11) . By replication of these recombinants to adeninesupplemented and to histidine-supplemented A 2-13 X 3-7 A Acr 2-13 X 3-7 A 2-13 X Acr 3-7 A Acr 2-13 X Acr 3-7 B 2-13 X 3-7 B Acr 2-13 X 3-7 B 2-13 X Acr 3-7 B Acr 2-13 X Acr 3-7 * TSG (Trypticase Soy extract agar supplemented with 1% glucose) slant mating. Prototroph production was determined by plating 0.1-ml samples of undiluted suspensions (5 X 107 cells per ml) from mixed growth on minimal medium. Acriflavine-treated strains are designated by Acr preceding strain number. Experiment series A: acriflavine broth-treated strains reisolated and purified before crossing; experiment series B: acriflavine broth-treated strains utilized for crosses without further purification. Prototrophic growth for all series was confluent. t Samples of suspensions from slant crosses plated on minimal medium. After selection, prototrophic colonies were replicated to minimal medium and to minimal medium containing either 200 jug/ml of streptomycin or 50,ug/ml of endomycin. By comparing replicated plates on inhibitor-containing medium to inhibitor-free minimal plates, resistant or sensitive colonies were scored. The parenthetical data indicate the minimal segregation percentage which could have been scored in the experiment. Cross 2-13 X 3-7 2-13 X 3-7 2-44 X 3-3 2-44 X 3-3 2-13 X 3-21 endo-s X endo-r5 recormbinant progeny were not recovered on adenine-supplemented MM. Thus, R7 was found to be compatible, in the backcrosses, with both N. erythropolis and N. canicruria mutants, whereas R8 was found to be compatible only with the N. erythropolis mutants; R8 was incompatible with N. canicruria. DIscUSSION The present investigations confirm and extend the preliminary report of Adams and Bradley (1963) that a recombinational mechanism exists in the genus Nocardia. It appears that the hypothesis that the genetic interactions between nocardial strains employed result from a conjugational m-echanism(s) rather than from transformation or transduction is warranted, because viability and growth of both members of the pair are necessary for recombination. Experiments designed to produce prototrophic recombinants through the mediation of virulent phage and to demonstrate the presence of temperate phage have been unsuccessful (Adams, unpublished data). Moreover, transduction or transformation should be more efficient in liquid medium than in solid medium. However, crossing in broth culture was not as effective as on solid medium. Such results are more indicative that prolonged cell-to-cell contact, rather than particulate adsorption, is necessary for the mating event.
Thus, it appears that conjugation is the mode of transfer of genetic information between the nocardial strains employed. Morphologically, there.seems to be little doubt that genetic transfer is possible by direct cell contact in these strains, sinee we showed (Adams and McClung, 1962b ) the occurrence of hyphal anastomosis in N. asteoides, a related organism.
It is possible that an episome (Jacob, Schaeffer, and Wollman, 1960; Jacob and Wollman, 1961; Campbell, 1962) is involved. This seems unlikely, since treatment of either or both strains of an otherwise compatible pair (Table 9) with acriflavine does not qualitatively inhibit recombination. Such treatment is known to eliminate the F factor of E. coli (Hirota and Iijima, 1957; Hirota, 1960) , which is responsible for genetic exchanges (Jacob and Adelberg, 1959) . Acriflavine also eliminates the resistance transfer factor (Watanabe and Fukasawa, 1961; Watanabe, 1963) , another episome-mediating recombination phenomenon.
Mating techniques used in these experiments were found to differ in efficiency of recombinant recovery. The replica mating technique is valuable (Tables 4 to 8) for recovering recombinants appearing at relatively low frequencies; however, it is not quantitative except in a relative sense. Both slant and broth mating techniques overcome this deficiency. The slant mating technique allows quantitative results, but the number of recombinants increased in relation to increasing incubation period (Table  7) . In such instances, it would be worthwhile to know whether the greater recovery of recombinants after increasing incubation periods (Table  7) is the result of overgrowth of prototrophs originating in the mixed culture early during the incubation period, compared with the parental auxotrophs, or is the result of a greater number of recombinant segregating events. Several factors suggest that the latter may be primarily responsible. We previously showed (Adams and McClung, 1962b; Adams, 1963) that the morphology of the two strains used in these studies is characterized by consistent developmental phases. During the first half of the morphogenic cycle, coccoid or rod-shaped, uninucleate cells germinate and, with subsequent growth, form coenocytic filaments of varying lengths. After filaments are formed, cells like those in the inoculum are not recovered until septation is complete. The fragmentation of the filaments produces uninucleate cells (Adams, 1963) as a result of septation. This developmental cycle occurs over a minimal period of 1.25 days for the N. erythropolis strain used in these studies; in N. canicruria, the cycle is complete after 1-day incubation periods. Under the conditions of slant mating used in the experiments, a maximum of three developmental cycles would have been completed during the 3-day incubation periods tested when considering N. canicruria; in N. erythropolis, the number of rounds would be slightly less. Since coenocytic filaments are formed in these organisms (Adams, 1963) , it should be expected that heterokaryons of a prototrophic character could, as a result, be produced. Functional prototrophic heterokaryons which have been derived from two dissimilar auxotrophic parental types have been repeatedly recovered in experiments with the streptomycetes (Bradley and Lederberg, 1956; Bradley, 1957; Braendle and Szybalski, 1957 (Adams, 1963) . The recovery of recombinant prototrolhs seems to be primarily dependent upon the number of segregation events which must be, at least in part, a function of the number of mating events.
Although the preceding results adequately document the recombinational phenomenon and offer an explanation of the physical conditions necessary for recombination events to take place, further clarification of the genetic picture of recombination in the nocardiae is indicated. The data of Adams and Bradley (1963) showed an unknown compatibility factor(s) was involved, and this was confirmed in crosses reported here (Tables 2 to 4 ). Further studies were carried out to learn more about the genetic mechanisms involved in nocardial recombination. In backerosses with polyauxotrophic strains, it has been possible to obtain recombinants bearing one auxotrophic character derived from each parental type. The recovery of such recombinants (R7 and R8) precludes complete linkage of the four auxotrophic markers of the parental types. Thus, the factor responsible for observed compatibility characteristics of R7 and R8 in the backerosses cannot be solely the result of homothallic linkage phenomena. It seems justified to conclude that the factor determining compatibility in backcrosses is dependent upon a mating factor(s). However, the recovery of the recombinant, R7, capable of backerossing with either parental type suggests that segregation of the mating factor appears to be of a multiple nature.
In the E. coli system (Jacob and Wollman, 1961) and that recently reported in Streptomyces coelicolor A3 (2) (Sermonti and Casciano, 1963) a preponderance of recombinants with unselected markers derived from one parental type is encountered, a picture much like that shown in the streptomycin character reported here. In the E. coli and streptomycete system, this is considered to be directly related to mating factors. The present data are not sufficient to allow more than speculation upon the resemblance of the nocardial system to the other systems at this time. However, two considerations regarding the mating factor reported here and those' in the other systems might be pointed out. (i) The strains of N. erythropolis and N. canicruria are of heterogeneous origin and have not yet been found to be self-compatible. Indeed, the heterogeneous origin of the strains used in these studies is pointed out by the fact that the strain of N. erythropolis used in this study was on the';American continent (McClung, personal communication) before the strain now bearing the label N. canicruria (Adams and McClung, 1962b) was described as extant and isolated on the European continent Moore, 1949, 1950) . (ii) A recombinant type, R7, was recovered in which segregated mating factors derived from both N. erythropolis and N. canicruria are present. These differences, and the possibility thatd,the unexpected streptomycin-resistance segregation pattern is the result of two distinct streptomycin loci, strongly suggest that the nocardial mnating factor(s) may not be more than superficially similar to the E. coli and S. coelicolor mating factor.
The utilization of unselected characters, coupled with the results of backerosses of. strains bearing definable mating types, appears .tp. be a formidable tool for determining more .about the genetic nature of nocardial recombination events described in the present report. Thei,further suggestion of these results that this "intermediate" group of organisms (Adams and McClung, 1962b ) has genetic characteristics which are aplparently different from those presently known in other bacteria promises the existence of exciting new phenomena which may be related to these genetic mechanisms.
